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 Day-ahead bids of wind farm power production depend greatly on the accuracy of 
wind speed forecasts. Forecasts can be improved by expanding knowledge of the wind 
characteristics across the wind turbine rotor layer (40 – 120 m) and examining wind 
direction forecasts, as errors in these forecasts can lead to missed effects of wind turbine 
wakes. Several high shear events with a change in wind speed of up to 15 m s
-1
 and 
changes in wind direction up to 30° between 50 and 200 m were observed across an Iowa 
tall tower network. The strength of these events could lead to damage of wind turbine 
components and therefore are important to forecast accurately. A six member Weather 
Research and Forecasting ensemble forecast was developed to evaluate the ability of the 
model to forecast wind speed, wind direction, wind shear, and stability at several levels 
across the rotor layer. Four bias correction methods were tested for each parameter to 
determine the best forecast method. After correction, wind speed forecasts were 




CHAPTER 1. GENERAL INTRODUCTION 
 
1.1 Background 
 Accurate wind forecasts are becoming more important as the wind energy 
industry grows. Without accurate wind forecasts, a useful power forecast is not possible. 
The state of Iowa has been ranked as one of the top three wind producing states since 
2003 (Orrell 2014) making accurate forecasts in this state even more valuable. In order to 
create an accurate forecast, an understanding of the behavior of the wind at hub height 
(80 m) and across the wind turbine rotor layer (40 – 120 m) is necessary.  
 While a few studies have focused on 80-m wind speed forecasts due to the 
increasing availability of observations at that level, not many have focused on the full 
rotor layer or the importance of wind direction forecasts. With increasing tall tower 
measurements, validation of wind speed and direction forecasts at several levels is now 
possible.  Use of observational data across the rotor layer also allows for the analysis of 
the behavior of the wind across the full blade path.  
In the thesis that follows, two studies addressing winds in the rotor layer were 
performed.  The first study (Chapter 2) examines wind speed and direction behavior at 50 
m, 100 m, 150 m, and 200 m with the use of observational data from five tall towers 
located across the state of Iowa. During this study, frequent strong shear events that could 
negatively impact wind turbine performance were analyzed. In the second study (Chapter 
3), an additional tall tower located approximately 13 km from one of the towers in this 
study allowed for analysis of winds at 40 m and 80 m as well. The information gathered 
from the this study allowed for the validation of Weather Research and Forecasting 
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(WRF) wind speed, wind direction, stability and shear forecasts at the observational 
levels and the interpolated 120-m level giving a comprehensive forecast for the full wind 
turbine rotor layer.  
 
1.2 Thesis Organization 
 This thesis contains two papers submitted for publication. The first paper, 
Characteristics of 50 – 200 m Winds and Temperatures Derived From an Iowa Tall 
Tower Network, analyzes wind speed, direction, and temperature observations from five 
tall towers across the state of Iowa. The occurrence of frequent high and moderate shear 
events was examined with the hypothesis that these events could impact wind turbine 
performance and create stress on the turbine components. I am the lead author on this 
paper, with my co-major professors Dr. Eugene Takle and Dr. William Gallus, Jr. serving 
as co-authors. This paper has been published in the Journal of Applied Meteorology and 
Climatology. 
 The second paper, A WRF Ensemble Forecast for the Wind Turbine Rotor Layer, 
develops an ensemble forecast for wind speed, wind direction, wind shear, and stability. 
These forecasts are evaluated using the observations from the first paper. I am the lead 
author on this paper, with my co-major professors Dr. Eugene Takle and Dr. William 
Gallus, Jr. serving as co-authors. This paper will be submitted to Journal of Applied 
Meteorology and Climatology. This thesis is organized into four parts: General 
Introduction, Characteristics of 50 – 200 m Winds and Temperatures Derived From an 
Iowa Tall Tower Network, A WRF Ensemble Forecast for the Wind Turbine Rotor Layer, 
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CHAPTER 2. CHARACTERISTICS OF 50 – 200 M WINDS AND 
TEMPERATURES DERIVED FROM AN IOWA TALL TOWER 
NETWORK 
A paper published in the Journal of Applied Meteorology and Climatology 
Renee A. Walton, Eugene S. Takle, William A. Gallus, Jr. 
 
2.1 Abstract 
 Limitations in skill of wind speed forecasts lead to conservative bids of wind-
plant production in the day-ahead energy market, and usually to an under-utilization of 
wind resources. Improvements are needed in understanding wind characteristics in the 
turbine rotor layer (40 – 120 m) for developing refined forecast models.  We analyzed the 
seasonal and diurnal behavior of wind speed, wind direction, and temperature from data 
taken on five tall meteorological towers across Iowa. Several significant high shear 
events, which would have the potential to cause problems by inducing substantial stress 
on the infrastructure of the wind turbine, were observed with vertical shear up to 15 m s
-1
 
accompanied by 30° of directional shear between 50 and 200 m.  These events exhibited 
supergeostrophic wind speeds by 50% through the night followed by a collapse of shear 
through midday, indicating the influence of an inertial oscillation. 
 
2.2 Introduction 
In 2012, Iowa generated nearly 25% of its electrical power from wind (IWEA 
2014).  The Iowa electrical utility with the largest wind power capacity has commitments 
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for 39% of its generation capacity to be supplied by wind plants by 2015. Limitations in 
skill of 54-h forecasts of wind speed lead to conservative bids of wind-plant production in 
the day-ahead energy market, and usually an under-utilization of wind resources.  The 
consequences of this limitation are exacerbated as wind contributes an increasing share of 
total electrical energy production.   
Iowa has a strong nocturnal low-level jet that produces high wind shear in the 
lowest 300 m.  This condition is not well represented by current boundary-layer 
parameterizations in weather forecast models (Deppe et al. 2013).  A better understanding 
of basic characteristics of wind speed and direction in the rotor layer (40 – 120 m) is 
needed in order to improve boundary-layer parameterizations for wind power forecasts.  
The first wind energy resource characterization for Iowa was reported by 
McKibben and Davidson (1933) based on a study conducted between 1925 and 1931 of 
66 wind electric plants.  Wind speed data reported from the US Weather Bureau showed 
a spring (March, April, or May, depending on the year) maximum and an August 
minimum.  A year-long study was conducted on a single 1 kW turbine with two 5 ft 
blades on a 100 ft tower.  This machine produced maximum monthly energy of 140 kWh 
in March and a minimum of 14 kWh in August. 
 The earliest known analyses of climatological data on wind and temperature 
derived from multiple heights above the standard 10 m level are the wind energy reports 
of Takle and Brown (1976) and Takle et al. (1978).  These studies analyzed 10-min 
average wind speed and temperature data from 2, 4, 8, 16, and 32 m on a 32 m tower in 
Ames, IA and summarized seasonal and diurnal characteristics and provided frequency 
distributions for all levels. 
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Two tall-tower studies in states adjoining Iowa also provide context for our study. 
Redburn and Fox (2005) analyzed eight months of wind observations from tall towers in 
northwest Missouri and found that current wind resource maps gave a good indication of 
the wind resource despite underestimating observational wind speeds. Klink et al. (2007) 
reported observations from a network of eleven 70 m towers across the state of 
Minnesota. They found spatially consistent periods in above- and below-average monthly 
mean wind speed associated with large-scale atmospheric phenomena but they did not 
report information on vertical profiles or diurnal characteristics of wind and temperature. 
The low-level jet is known to affect vertical wind shear and turbulence within the rotor 
layer, but data have not been available for Iowa to quantify this effect.  
 We provide a preliminary analysis of wind speed, wind direction, wind shear, and 
temperature within the rotor layer from data acquired from five 200 m meteorological 
towers across Iowa. 
 
2.3 Data 
We analyzed wind speed, wind direction, and temperature data from five tall 
towers in Iowa acquired from the Iowa Energy Center. These data were collected at 
towers located in Quimby, Palmer, Mason City, Altoona, and Homestead (Fig. 1). Each 
tower had instrumentation at 50 m, 100 m, 150 m, and 200 m that collected data over the 
period December 2006 – January 2009, except Palmer which did not have measurements 
at 200 m. Initially, each level of the tower had a MetOne 50.5 heated sonic anemometer, 
an NRG Systems Max 40 3-cup anemometer and an NRG Systems 200P wind vane, and 
a Campbell Scientific 109 temperature probe. By the second quarter of 2007, all of the 
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heated sonic anemometers had failed and were replaced with NRG IceFree III cup 
anemometers and vanes. Finally, an icing event in late 2007 damaged the instruments at 
150 m and 200 m in Quimby. These instruments were not replaced (AWS Truepower 
2010). Automated Surface Observing Systems (ASOS) and Automated Weather 
Observing Systems (AWOS) within 50 km of all tall towers were used to estimate 2 m 
temperature, 10 m wind speed, and 10 m wind direction at the tall towers. ASOS/AWOS 
data were also used to determine density. The data have been quality controlled by 
inserting “NA” values for missing times, values indicating an error such as -999, -990, 
etc., and occurrences of sudden zero values between values at least three units larger. 
Time is given in Local Standard Time and the data interval is 10-min. These data were 
collected as part of the Iowa Energy Center wind resource assessment projects and are 
available for download from its web site (www.energy.iastate.edu). 
The terrain at the five tall towers varies: the Quimby tower is in a hilly, rural area 
with a small river to the southeast; the Palmer tower is in a flat, rural area with a lake 10 
km to the northeast; the Mason City tower is in a flat, rural area with a creek to the 
southeast with the Mason City urban area to the southwest; the Altoona tower is 
surrounded by suburban housing on all sides but the southeast in a flat area; and the 
Homestead tower is in a hilly, rural area with the Iowa River just to the north. 
 
2.4 Wind speed and direction 
 2.4.1 Seasonality 
 Seasonal and diurnal variations of wind speed and direction for all four levels on 
the Homestead tower are given in Fig. 2.  Times when data were missing at one or more 
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levels were excluded in order to eliminate potential bias (e.g., from icing events where 
winds with a northerly component might dominate). The fraction of winds eliminated at 
each level by this procedure was fairly uniform across all directions and never exceeded 
2.3%.  
From near-surface wind observations in Iowa we generally expect winds to be 
stronger during the day and weaker at night, and to increase with height.  Takle and 
Brown (1976) found that 32 m winds were highest in spring (MAM) and lowest in 
summer (JJA), which is consistent with the observations fifty years earlier as reported by 
McKibben and Davidson (1933). From the tall-tower data (Fig. 2) wind roses show 
seasonal and diurnal patterns similar to surface stations, with the notable exception that 
the upper levels have strongest winds at night rather than the daytime as occurs at the 
surface.  Throughout the data period at all locations, upper levels (150 and 200 m) have 
their diurnal maximum wind speeds at night, while the lower levels (50 and 100 m) have 
diurnal maxima during daytime hours as also observed by Takle and Brown (1976).   The 
tall-tower seasonal patterns generally agree with surface data that show a summer 
minimum, but they differ in having a winter (DJF) rather than spring speed maximum.   
A gradual veering of the prevailing winds with increasing elevation can be seen at 
most sites in all seasons.  In addition, perhaps the most notable anomaly is the relatively 
high frequency of very strong winds with a southerly component at 200 m during the 
winter, especially at night when 10 m winds from the south are rare and weak.  NW flow 
dominates in winter at all levels, but the strongest winds aloft occur with southerly flow. 
These strong south winds occur when large cyclones exist in the western United States, 
allowing development of southerly LLJs across the Plains. 
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Seasonal wind speed and direction difference data give a consensus of a summer 
(JJA) minimum wind speed difference between all tower levels (Fig. 3). All seasons 
showed very little (0 - 1 m s
-1
) vertical wind speed difference between 50 m and 200 m 
during the day (0800 – 1800 LST) with the greatest wind speed difference occurring 
between 50 and 100 m at night (1800 – 0800 LST). Vertical wind direction difference 
exhibited similar behavior with peak differences between 1800 LST and 0800 LST. 
  
 2.4.2 High shear 
 Throughout the tall tower network data set, there were several high and moderate 
shear cases that occurred at night.  For the layer between 50 and 200 m we define a high 
shear event as a wind speed difference of 15 m s
-1
 or greater (shear value of more than 
0.100 s
-1
) and a moderate shear event as a 10 – 15 m s-1
 
difference (shear values of 0.067 
– 0.100 s-1).  These events last approximately 18-h before the shear between the levels 
collapses. In Homestead four of these events took place from 3 October 2007 to 7 
October 2007 (Fig. 4). This period was characterized by clear skies and weak pressure 
gradients from the surface to 500 mb.   
 The wind energy industry frequently uses a power-law relationship to describe 
wind shear, where the wind speed, u2, at height z2 is related to the wind speed, u1, at 










and the wind power-law exponent, α, is typically considered to be a value near 1/7 = 
0.143.  In Fig. 5 we summarize the diurnal variation of the power-law exponent over the 
layer occupied by the typical utility scale wind turbine (50 – 150 m) for all five sites and 
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all seasons.  Data from all towers agree very well with diurnal and seasonal patterns of α 
from the 32 m tower in Ames (Takle and Brown 1976); however, it can be noted that the 
commonly used value of α = 0.143 is a poor estimate of the power-law exponent in Iowa.  
Case studies performed by Kelley et al. (2004) found that there can be “challenging flow 
conditions” for turbine operations within the rotor layer when the mean hub wind speed is 
between 8 and 13 m s
-1
, the layer is critically stable (0<Ri<0.25), and the power-law 
exponent is larger than 0.2. By using the Kelley et al. (2004) criteria for “challenging 
flow conditions”, we find that the Iowa sites experienced such conditions approximately 
25% of the time:  Altoona - 37%, Homestead - 26%, Mason City - 26%, Palmer - 22%, 
and Quimby - 22%. 
 During high and moderate speed shear events, there is also directional shear 
between 50 and 200 m for the same duration, with veering (clockwise rotation with 
height) of up to 50°.  Careful examination of the wind speed time traces during high-
shear periods reveals occasional speed fluctuations of order 1 m s
-1
 and periods of order 
1-h or less that correlate with height.  In some cases a concurrent signature in the wind 
direction trace is visible and sometimes also the 200 m temperature.  These may indicate 
passage of gravity waves in the stable medium of the nocturnal boundary layer similar to 
those observed by Sun et al. (2004).    
 We computed the surface geostrophic wind at the Homestead tower by estimating 
the pressure gradient using a finite difference scheme where the pressure was determined 
via the Barnes objective analysis scheme (Barnes 1964) at points 80 km in all cardinal 
directions of the tall tower. The elevation at these four points differs from the elevation at 
the tower by no more than 80 m so that this method introduces minimal error. Density in 
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the calculation was determined using temperature interpolated from nearby 
ASOS/AWOS stations (within 50 km of the tower) and the Barnes scheme interpolated 
value of pressure. The following equation was used for geostrophic wind: 














 𝑓 = 2Ω𝑠𝑖𝑛𝜙 (4) 
with Vg defined as the geostrophic wind vector with components ug and vg. In Eqn. 2, p is 
pressure, ρ is air density, and f is the Coriolis parameter with Ω constant at 7.292 x 10-5 s-
1
 and ϕ the latitude. We discovered that during high shear events 200 m winds are 
supergeostrophic by up to 50% and veered from the geostrophic in direction by up to 30° 
toward high pressure. These results are similar to the findings of Sun et al. (2013) where 
near surface wind blew toward high pressure 50% of the time. After morning heating the 
winds collapse to subgeostrophic levels. The changes in speed and direction of the wind 
relative to the geostrophic wind are consistent with an inertial oscillation, which 
continues throughout the high shear period suggesting this process has a role in 
sustaining these events. 
 
2.5 Temperature 
 Absolute temperature differences between 50 – 200 m were observed to be about 
2 
o
C most of the time with little to no temperature differences around 1200 LST, 
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maximum positive temperature differences (50 m warmer than 200 m) around 1800 LST, 
and maximum negative temperature differences (50 m cooler than 200 m) occurring 
around 0600 LST, matching the trend of 2 m temperatures. Throughout the data period, 
temperature inversions were noted most nights. During high shear events, the inversions 
were large, with 50 – 200 m temperature differences reaching near 5 °C.  In Fig. 4 the 
nocturnal temperature inversion establishes at almost exactly 1800 LST in the last three 
days, although a little later on the first day.  This is 14 – 17-min after sunset on these days 
at this location.  The inversion collapses about 0730 LST (15 min after sunrise) the last 
two mornings, but about 1.5-h later (1.83 h after sunrise) the first two mornings.  The 
shear in wind speed starts to increase about 2-h before the onset of the inversion.   
 The Richardson number (Ri), was calculated between each layer as 















with g defined as gravity and held constant at 9.81 m s
-2
. Tv is virtual temperature and 
held constant at 294 K, θ is the potential temperature, T is the temperature, z is the height, 
Γd is the dry adiabatic lapse rate with a value of -9.8 K km
-1
, and V is the wind speed. 
During these events, Ri followed the expected trend of being negative during the day and 
positive at night. Careful examination of changes in the wind profile with changes in Ri, 
using 50 m and 150 m levels to represent Ri across the layers occupied by wind turbine 
blades (Fig. 6), reveals abrupt changes in wind shear with small absolute values of Ri, 
likely due to turbulent mixing which leads to a reduced vertical temperature gradient and 
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a wind shear increase with decreasing Ri. In fact, we considered the strong and abrupt 
response of the wind shear to seemingly small changes in Ri (e.g., temperature gradient) 
to be remarkable and a strong incentive to refine the details of temperature forecast 
models for the lowest 300 m. 
 
2.6 Conclusion 
 Improvements in understanding characteristics of wind and temperature in the 
lowest 200 m of the atmosphere will provide opportunities for improving weather 
forecast models designed to simulate wind speeds in the vicinity of wind farms.  Periods 
of high wind resource in Iowa frequently are accompanied by temperature inversion and 
strong wind shear that are both difficult to forecast and may lead to structural damage to 
blades and other wind turbine components. We found wind shear events with mean wind 
of ~15 m s
-1
 and wind shear of 0.100 s
-1
 to occur in clear conditions with Ri near 0.2 and 
temperature inversions from 50 – 200 m of near 5 °C.  The data we have provided may be 
good case studies for developing simulation models that are needed to more accurately 
forecast periods of high wind resource but also periods of high potential damage to wind 
turbine components.  Work in progress seeks deeper understanding of these high shear 
events along with ramp events and their spatial consistency across Iowa. 
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Figure 1. Locations of Iowa tall towers marked with yellow dots and nearby 

























Figure 2. Daytime and nighttime wind roses at 200 m, 150 m, 100 m, 50 m, and nearest 



















Figure 3. Diurnal distribution of mean differences (upper minus lower) for wind speed 
(dotted lines) and wind direction (solid lines) between a) 50 and 100 m, b) 100 and 150 




Figure 4. Wind speed, wind direction, temperature, and Richardson number at Homestead 




Figure 5. Diurnal variation of 50 – 150 m power-law exponent annually and by season at 
each tall tower. Altoona is represented by solid lines, Homestead with dashed lines, 
Mason City with dotted lines, Quimby with dot-dash lines, and Palmer with long dashed 





Figure 6. Wind speed difference (upper minus lower) between 50 and 150 m as a function 










CHAPTER 3. A WRF ENSEMBLE FORECAST FOR THE WIND 
TURBINE ROTOR LAYER 
A paper to submitted to the Journal of Applied Meteorology and Climatology 
Renee A. Walton, Eugene S. Takle, William A. Gallus, Jr. 
 
3.1 Abstract 
 Wind speed and direction forecast skill is essential for accurate wind power 
forecasts. Errors in wind direction forecasts could negatively impact power forecasts due 
to the existence of wind turbine wakes. Large changes in wind speed and direction across 
the rotor layer (40 – 120 m), likely during high or moderate shear events, could impact 
the power output of a wind farm. Therefore, accurate wind speed and direction forecasts 
throughout the rotor layer are necessary to optimize wind farm power output. We created 
a Weather Research and Forecasting (WRF) model-based ensemble forecast to improve 
wind speed, wind direction, shear, and stability forecasts at 40 m, 50 m, 80 m, 100 m, and 
150 m. Overall, use of a bias correction technique improved day-1 and day-2 wind speed 
forecasts by up to 19% with wind direction improvements up to 13% compared to the 
raw WRF forecasts. 
 
3.2 Introduction 
 The wind energy industry has already exceeded the U.S. Department of Energy 
scenario of 20% of electricity generation by wind by 2030 (USDOE 2008) with two 
states exceeding this goal in 2013, including Iowa (AWEA 2014). The state of Iowa has 
ranked as one of the top three states with the most distributed wind capacity constructed 
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since 2003 (Orrell 2014) with the capability of producing 44 times the amount of 
electricity currently needed by the state (AWEA 2014). As wind farms continue to be 
built, accurate wind forecasts at hub height and across the turbine rotor layer will have 
increasingly more value for their role of increasing turbine efficiency. Strong wind events 
with accompanying high and moderate shear conditions, defined by Walton et al. (2014) 
as shear greater than 0.10 s
-1
 and shear between 0.067 s
-1
 and 0.10 s
-1
 respectively, could 
lead to bias errors in power forecasts as different portions of the blades experience much 
different wind speeds and directions, with large stresses. 
 While several studies have attempted to improve wind speed forecasts at 80 m, 
there are few studies focusing on the Midwest where a nocturnal low-level jet is a 
common feature and shear events are frequent occurrences (Walton et al. 2014). Deppe et 
al. (2013) created a WRF ensemble forecast for improved hourly 80-m wind speeds. This 
ensemble forecast improved wind speeds at hub height by 10%. Since the Deppe et al. 
(2013) study focused on wind speeds rather than wind power forecasts and did not 
consider wind shear; we address the question of whether additional forecast skill might 
be possible for wind farm power production by forecasting wind speed and direction 
across the rotor layer.  
 The present study uses WRF version 3.5.1 to model wind speed and wind 
direction at 40 m, 50 m, 80 m, 100 m, and 150 m as well as wind shear and Richardson 
number (Ri) across the 50-m – 150-m layer. The WRF forecasts, using a six-member 





3.3 Model Setup and Data 
 For this study a model setup similar to that of Deppe et al. (2013) was used.  One 
10-km horizontal resolution 600 x 680-km domain centered over the state of Iowa was 
used with 47 vertical levels with at least 7 levels in the first 200 m. Ferrier microphysics 
(Ferrier et al. 2002), the Rapid Radiation Transfer Model (RRTM) (Mlawer et al. 1997) 
for longwave radiation, the Dudhia scheme (Dudhia 1989) for shortwave radiation, the 
Noah land surface scheme (Ek et al. 2003), and the Kain-Fritsch cumulus scheme (Kain 
2004) were used in all simulations. A six member ensemble determined to be efficient for 
80-m wind speed forecasting by Deppe et al. (2013) was created using planetary 
boundary layer (PBL) schemes including the Yonsei University scheme (YSU) (Hong et 
al. 2006), Mellor-Yamada-Janjic scheme (MYJ) (Janjic 1994), and the Pleim or 
Asymmetric Convection Model 2 scheme (ACM2) (Pleim 2007) while the model was 
initialized with 0000 UTC and 1800 UTC North American Mesoscale Forecast System 
(NAM) and 0000 UTC and 1800 UTC Global Forecast System (GFS) data (Table 1). 
Surface layer schemes were changed according to the corresponding boundary layer 
scheme. Simulations with the YSU PBL scheme used the Monin-Obukhov surface layer 
scheme (Hong and Pan 1996), the MYJ PBL scheme used the Janjic Eta Monin-Obukhov 
surface layer scheme, and the ACM2 PBL scheme used the Pleim-Xiu surface layer 
scheme (Pleim 2006).  Model runs initialized with 0000 UTC NAM and GFS data were 
run for 54 h while model runs initialized with 1800 UTC NAM and GFS data were run 
for 60 h to allow a focus on the day-2 period that is important for wind energy interests.  
Hourly instantaneous model output was compared with top of the hour 
observations from 10-min average tall tower data. Two tall towers were used: one with 
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instrumentation at 40 m and 80 m and the other with instrumentation at 50 m, 100 m, and 
150 m. These tall towers are approximately 15-km apart and located at the southwest and 
northeast side, respectively, of a wind farm in Iowa. While there is a small distance 
between the tall towers,, differences in terrain and effects of the wind farm on the two tall 
towers require these forecasts to be evaluated at different grid points. Temperature 
observations were used to calculate the Richardson number (Ri) as: 















following Walton et al. (2014). 
Individual ensemble members and the ensemble average were compared to 
observations between June 2008 and April 2009. Over this time period, there were 28 
cases where at least 54 h of observational data existed at both towers. These cases 
spanned from June – August 2008 and February – April 2009. In these 28 cases, there 
were six high shear events and eighteen moderate shear events. 
 
3.3 Methods 
 Forecasts were evaluated using model output interpolated to the observation 
levels and by using the model level closest to the observation level in order to test the 
error introduced by NCAR Command Language (NCL) wrf_user_intrp3d interpolation 
methods. For all model runs, model levels were within 15 m of the observational levels. 
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Each of the ensemble members was tested against the observations at the grid point 
nearest the tall towers. The six ensemble members were tested both individually and as 
an ensemble average for interpolated model levels and nearest model levels to determine 
the best forecasting method for each parameter tested.  
Model error was quantified by calculating the bias and mean absolute error 
(MAE) of the model output for each parameter and level tested. When calculating error 
of wind direction, if the model and observations were more than 180° apart, 360° were 
added to the smaller of the two values to obtain an accurate bias calculation. Four 
methods of bias correction were tested to determine the best forecast method for each 
level and parameter: hourly bias corrections, daily bias corrections, diurnal bias 
corrections, and directional bias corrections. Bias correction values were obtained by 
calculating the average bias for 20 randomly selected cases. The ability of these bias 
correction methods to improve forecasts was determined by comparing the pre- and post-
correction day-1 and day-2 MAE for the eight test cases. For the first bias correction 
method, the average bias of the training period was calculated for each hour for wind 
speed, wind direction, wind shear and Ri for all levels tested. These biases were then 
subtracted from each hour of the remaining eight cases to test model improvement. The 
second bias correction method determined the average day-1 (midnight – midnight) and 
day-2 (midnight – midnight) error and then applied these two values to all hours of the 
eight test cases for day 1 and day 2, respectively. The third bias correction method 
determined the average daytime (sunrise – sunset) and nighttime error and applied these 
two values to all daytime or nighttime hours of the eight test cases. Finally, the fourth 
bias correction determined the average error based on observed wind direction in 90° bins 
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and applied these to the eight test cases. The best correction method was determined for 
each level and parameter tested. 
High and moderate shear events were considered to start when a difference in 
wind speeds across the wind turbine rotor layer exceeded 1 m s
-1
 and ended when the 
difference in wind speeds across the rotor layer dropped below 1 m s
-1
. The ability of the 
model to forecast these events was quantified by computing probability of detection 
(POD), false alarm rate (FAR), and threat score (TS) according to the following 
equations: 
 𝑃𝑂𝐷 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑤𝑒𝑟𝑒 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 (ℎ𝑖𝑡𝑠)
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠
 (3) 
 𝐹𝐴𝑅 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑤𝑒𝑟𝑒 𝑛𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑
 (4) 
𝑇𝑆 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑤𝑒𝑟𝑒 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑+𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠(𝑚𝑖𝑠𝑠𝑒𝑠)
 (5) 
If the model was able to capture an increase in shear, but did not reach the threshold 
necessary to be considered a high or moderate shear event, then it was counted as a miss. 
 
3.5 Forecast Evaluation 
 For both interpolated model runs and nearest model level runs, the ensemble 
average usually was the best forecast for day-1 (Figure 1) and day-2 (Figure 2) wind 
speeds. With the exception of day-1 40-m wind speed forecasts, the interpolated 
ensemble average performed better than the nearest model level ensemble average. Wind 
direction forecasts followed a similar pattern with the interpolated ensemble average 
performing better than the nearest model level ensemble average for both day 1 (Figure 
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3) and day 2 (Figure 4). Wind speed MAE increased with increasing height while wind 
direction MAE had the opposite behavior. When examining the relative error, modeled 
wind speed at all levels except 80 m was within 3% of the observed wind speed on day 1 
and 8% on day 2. The 80-m modeled wind speeds had a higher relative error of 14% on 
day 1 and 24% on day 2. This could be due to the position of the 80-m level within the 
boundary layer where the surface layer frequently moves above and below this level 
leading to error in model calculations. Worsened wind direction forecasts near the surface 
could be explained by the model’s parameterization of friction and handling of boundary 
layer development. For all parameters tested, the ensemble mean was among the best 
forecasts as is expected from results of previous studies such as Palmer (2000). Due to 
these results, the interpolated ensemble average will serve as the focus for the remainder 
of this study. 
 After applying all four bias corrections to the 40-m, 50-m, 80-m, 100-m, and 150-
m wind speed and wind direction, no single correction was found to be best for all levels 
or all parameters. In some cases, applying a bias correction worsened the results. This 
could be due to the cases studied only representing spring and summer. From 1994 – 
2014, the strongest 10-m wind speeds at the Automated Weather Observing System 
(AWOS) nearest Palmer occurred in spring with a mean wind speed of 5.97 m s
-1
 and the 
lightest winds occurred in summer with a mean wind speed of 3.89 m s
-1
 while the 10-m 
wind speeds observed during this study exceeded these values by 5.5% and 3.7% 
respectively. Due to the difference in mean wind speed between the two seasons, the bias 
corrections could be higher in one of these seasons resulting in worsened forecasts. Five 
of the six high and twelve of the eighteen moderate shear events occurred in the training 
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cases, which could also play a role in corrections making the forecast worse. All of the 
high shear events occurred in the same month with only two events correctly forecasted 
by the model, so adjusting the training set would have placed a bias toward those results.  
 The statistical significance of forecast improvement was tested using the bootstrap 
method (Hinkley 1988; Hall and Wilson 1991) due to small sample size and distribution 
complexity. The day-1 MAE of wind speed forecasts for the interpolated model ensemble 
average was improved by anywhere from 2 – 19% with no statistically significant 
improvement at α=0.05 (Table 2). Deppe et al. (2013) improved the ensemble average 
80-m wind speed for day 1 and day 2 by 15.2% from 2.27 m s
-1
 to 1.97 m s
-1
 with an 
hourly wind speed bias correction. While the current study only improved 80-m wind 
speeds by 2.48%, the MAE before correction was 1.63 m s
-1
, which is an 17.3% 
improvement over Deppe et al. (2013). The difference in MAE between the two studies 
could be due to improvements in the WRF code since version 3.1.1 and the focus of the 
present study being on spring and summer. Day-2 wind speed MAE also improved 
anywhere from 3 – 17% with the 100-m wind speed correction based on observational 
wind direction providing statistically significant improvement at α=0.05 (Table 3) 
indicating this forecasting method is useful for both day-1 and day-2 wind speed 
forecasts. 
 Direction forecasts had mixed results. In some cases, no correction method 
provided improvement with day-1 80-m daily corrected wind direction providing a 
statistically significant worsening of forecast ability. Uncorrected day-1 and day-2 
direction MAE are on the order of 20°. Day-1 wind direction forecasts were improved by 
less than 10% at all levels tested (Table 4), while day-2 direction forecasts were 
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improved by up to 13%, with the correction based on observed wind direction being the 
most accurate. Depending on the layout of a wind farm, 80-m wind direction errors could 
lead to missed interaction of wakes from other turbines. The POD of this model to detect 
the wind direction at 80 m within +/- 11.25° is 0.47, while increasing the allowed error to 
+/-15° increases the POD to 0.60. Therefore, in situations where a small range of 
observed wind directions would result in wind turbine wakes reducing power of 
downwind turbines while an observed wind direction outside of this range would result in 
no interaction between turbines, the interaction of the winds between turbines will more 
than likely be missed. 
 Finally, wind shear and Ri corrections were examined. Wind shear forecasts were 
not improved by any correction for day 1 and were best improved by a diurnal correction 
for day 2 (Table 6), while a Ri correction was not feasible. Due to model timing issues 
with boundary layer transitions such as the end of the nocturnal low level jet, the growth 
of the boundary layer in the morning, and passages of cold fronts, there were many cases 
where observed Ri was very high or very low (on the order of +/-1000, respectively) and 
the model had Ri on the order of 1. Therefore, use of average bias of Ri to perform a bias 
correction often led to worse forecasts of stability. Richardson number was converted to 











 for stable (7) 
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The use of Obukhov length allowed for the assignment of stability categories modified 
from Hansen et al. (2012) by Rajewski et al. (2015) in Table 7. This method allowed for a 
more meaningful comparison of model and observed stability due to the assignment of a 
range of Obukhov lengths to a stability category rather than a direct comparison of model 
and observed Obukhov lengths which would have led to results similar to the attempted 
Ri correction. The majority of forecasted stability categories, 63%, did not differ from the 
observed stability category (Figure 5) indicating the model performed well when 
forecasting stability, but Ri was not the best method to portray stability. 
 Using the corrected wind shear, the ability of the model to detect high and 
moderate shear forecasts was quantitatively tested through the calculation of POD, FAR, 
and TS. Throughout this study there were six observed high shear events and eighteen 
observed moderate shear events. Of these events, the model correctly forecasted two high 
shear and three moderate shear events and incorrectly forecasted two moderate shear 
events during a period of low shear (Table 8). It is important to note that while the skill 
scores are low, the model did follow the pattern of increased shear for all of the missed 
high shear events and all but one of the missed moderate shear events, indicating that the 
model has the ability to forecast high and moderate shear events. However, further 
corrections are necessary for model shear to reach the threshold of shear used in the 
present study.   
 
3.6 Conclusion 
 Improvements of wind forecasts across the wind turbine rotor layer should lead to 
improved wind power forecasts through improved understanding of how changes in wind 
32 
 
speed across the blades impacts power output. We were able to improve wind speed 
forecasts from 40 m – 150 m from 2.0% – 19.2% by using bias corrections to raw output 
from a 6-member WRF ensemble using mixed PBL schemes and initial and lateral 
boundary conditions. With corrected wind direction forecasts we found that wake effects 
of wind turbines will likely be missed if the wind direction must be predicted within +/-
11.25° in order to resolve a wind turbine wake. 
 While the POD of high and moderate shear events was low, most of the missed 
events followed the pattern of increasing shear without reaching the threshold required by 
the definition in Walton et al. (2014). Future work creating a bias correction based on 
shear categories, rather than the current methods used, may improve high and moderate 
shear forecasts. Richardson number forecasts were poor overall, which makes it difficult 
to use this parameter for evaluating whether a high or moderate shear events will occur. 
The Ri is very difficult to forecast because of model difficulty with boundary layer 
transitions. The model consistently held onto the nocturnal low-level jet too long and had 
trouble with the timing of frontal passages. Both of these factors made a significant 
impact on forecasted Ri. The conversion of Ri to Obukhov length allowed for the 
comparison of stability categories between the raw model output and observations. This 
method showed that, while large differences in Ri led to large biases, the model was able 
to correctly forecast the correct stability category 63% of the time, indicating the use of 
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Table 1. Combinations of initial conditions and boundary layer schemes used for the 
ensemble forecasts. 
Boundary Layer Scheme Model Initialization 
Yonsei University (YSU) 00z NAM, 00z GFS 
Mellor Yamada Janjic (MYJ) 00z GFS 
Pleim 00z GFS, 18z NAM, 18z GFS 
 
 
Table 2. Mean absolute errors for day-1 wind speed correction methods for all levels 
tested. Correction methods that led to an improvement or worsening with p-values 
between 0.05 and 0.10 are indicated in italics with statistically significant improvements 
and worsening at α = 0.05 in bold italics. The percent improvement reflects the 
























correction 1.46 1.85 1.54 2.08 2.15
 
Hourly 1.40 1.63 1.57 1.81 1.85 
Daily 1.37 1.59 1.58 1.78 1.82 
Direction 1.33 1.51 1.53 1.90 1.89 
Diurnal 1.34 1.53 1.51 1.81 1.86 
Percent 
improvement 
8.90% 18.37% 1.95% 14.42% 15.35% 





Table 3. Mean absolute errors for day-2 wind speed correction methods for all levels 
tested. Correction methods that led to an improvement or worsening with p-values 
between 0.05 and 0.10 are indicated in italics with statistically significant improvements 
and worsening at α = 0.05 in bold italics. The percent improvement reflects the 
























correction 1.78 2.14 1.83 2.08 2.17
 
Hourly 1.57 1.77 1.78 1.88 2.03 
Daily 1.59 1.76 1.83 1.84 2.00 
Direction 1.63 1.82 1.84 1.68 1.84 
Diurnal 1.61 1.79 1.79 1.76 1.93 
Percent 
improvement 





Table 4. Mean absolute errors for day-1 wind direction correction methods for all levels 
tested. Correction methods that led to an improvement or worsening with p-values 
between 0.05 and 0.10 are indicated in italics with statistically significant improvements 
and worsening at α = 0.05 in bold italics. The percent improvement reflects the 














correction 23.9 17.0 19.8 17.5 19.2
 
Hourly 25.3 17.0 19.4 17.2 18.9 
Daily 24.9 17.2 24.9 17.2 18.9 
Direction 24.3 16.9 19.1 17.6 18.4 
Diurnal 25.1 16.8 18.8 17.2 19.0 
Percent 
improvement 




Table 5. Mean absolute error for day-2 wind direction correction methods for all levels 
tested. Correction methods that led to an improvement or worsening with p-values 
between 0.05 and 0.10 are indicated in italics with statistically significant improvements 
and worsening at α = 0.05 in bold italics. The percent improvement reflects the 














correction 20.3 16.2 19.1 14.7 15.7
 
Hourly 22.1 16.6 20.7 15.3 16.5 
Daily 20.4 14.4 20.4 14.2 15.5 
Direction 20.8 14.1 17.9 13.9 15.2 
Diurnal 20.3 14.2 18.3 14.0 15.4 
Percent 
improvement 





Table 6. Mean absolute error for wind shear corrections for day 1 and day 2. Correction 
methods that led to an improvement or worsening with p-values between 0.05 and 0.10 
are indicated in italics with statistically significant improvements and worsening at α = 
0.05 in bold italics. The percent improvement reflects the improvement of the correction 






















Daily 8.73 9.88 
















cL = -4 -50 < L ≤ 0 
Strongly 
unstable 
cL = -3 -100 ≤  L ≤ -50 Very unstable 
cL = -2 -200 ≤ L < -100 Unstable 
cL = -1 -500 ≤ L < -200 Near unstable 
cL = 0 |L| > 500 Neutral
 
cL = 1 200 ≤ L < 500 Near stable 
cL = 2 50 ≤ L < 200 Stable 
cL = 3 10 ≤ L < 50 Very stable 
cL = 4 0 ≤ L < 10 Strongly stable 
 
 
Table 8. Skill of model high and moderate shear forecasts. 












Figure 1. Uncorrected day-1 wind speed MAE for all ensemble members and the 
ensemble average. MAE for model levels interpolated to observational levels are shown 
with solid circles while open circles represent MAE for model levels nearest 
observational levels.  
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Figure 2. Uncorrected day-2 wind speed MAE for all ensemble members and the 
ensemble average. MAE for model levels interpolated to observational levels are shown 





Figure 3. Uncorrected day-1 wind direction MAE for all ensemble members and the 
ensemble average. MAE for model levels interpolated to observational levels are shown 
with solid circles while open circles represent MAE for model levels nearest 




Figure 4. Uncorrected day-2 wind direction MAE for all ensemble members and the 
ensemble average. MAE for model levels interpolated to observational levels are shown 





Figure 5. Difference in stability category for all model runs.        
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CHAPTER 4. GENERAL CONCLUSIONS 
 
4.1 Summary of Results 
 Observations from an Iowa tall tower network allowed for the characterization of 
50-m, 100-m, 150-m, and 200-m wind speed, wind direction, and temperature across the 
state. While near-surface wind speeds followed the expected pattern of stronger winds 
during the day and weaker winds at night, wind speed observations above 100 m 
exhibited the opposite diurnal pattern. This could be due to the presence of the nocturnal 
low-level jet. Summer wind speeds were weakest with the strongest wind speeds 
occurring in the winter. For all seasons, the difference in wind speed between 
observational levels was smallest during the day and largest at night with wind direction 
following a similar pattern. Daily temperature differences between 50 and 200 m around 
2 °C were common with little temperature difference at 1200 LST, greatest positive 
temperature difference around 1800 LST, and greatest negative difference around 0600 
LST. 
 Throughout the analysis of the tall tower data frequent moderate and high shear 
events were observed. These events were associated with directional shear up to 30°, 
temperature inversions, and a slightly stable layer with Ri around 0.2. During high shear 
events, the 200-m winds were found to be supergeostrophic in speed by 50% and veered 
toward high pressure from geostrophic by 30°. Due to the frequent occurrence of these 
events and the potential stress on wind turbine components associated with them, 
accurate forecasts of wind shear are important for the wind energy industry. 
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 A six member ensemble forecast was created for 40-m, 50-m, 80-m, 100-m, and 
150-m wind speed, wind direction, shear and Ri. Four correction methods were tested 
with no single method proving best for all levels and parameters tested. Day-1 wind 
speed forecasts were improved from raw model output by 2 – 19% with day-2 wind 
speed forecasts improved by 3 – 17% indicating the ensemble is useful for both day-1 
and day-2 wind speed forecasts. Wind direction forecasts for most levels were worsened 
by correction methods, but the correction based on observed wind direction proved to be 
the most accurate. The MAE of uncorrected day-1 and day-2 wind direction was on the 
order of 20° for all levels with a 0.47 POD of 80-m wind direction within +/- 11.25°. This 
value increases to 0.60 when the range of wind directions is increased to +/- 15°. This can 
lead to inaccurate power forecasts if wind turbine wakes occur but are not forecasted due 
to direction forecast error.  
 Wind shear forecasts were best with a diurnal correction while stability category 
forecasts were accurate 63% of the time. Using corrected wind shear forecasts, the ability 
of the model to forecast high and moderate shear was tested. Two of six observed high 
shear events and three of eighteen moderate shear events were correctly forecasted by the 
model. While the model skill was low, the model did follow the pattern of increasing 
shear for all of the missed high shear events and all but one of the missed moderate shear 
events. This indicates that further model correction could lead to more accurate wind 
shear forecasts during high and moderate shear events which could help prevent potential 





4.2 Recommendations for Future Research 
 The availability of tall tower data across the state of Iowa allows for many 
expansions to the first study. While several high and moderate shear events were studied, 
the spatial extent and consistency of these events were not evaluated. Determining 
whether the events can propagate across the state and their typical speed of propagation 
could provide a useful forecasting tool for wind farm operators. Additionally, while 
studies such as Deppe et al. (2013) have looked into the forecast of ramp events, the tall 
tower observations used in this study could provide further insight into the behavior of 
ramp events including their vertical extent and horizontal propagation. 
 While most of the parameters simulated in the second study were improved by the 
application of a bias correction, there were cases where a bias correction resulted in a 
worsened forecast. There are many potential reasons for this, one of which could be the 
seasonal bias of the study. All simulations were in spring and summer due to data 
availability. Expanding this study to include more cases with an equal number of cases 
per season could improve results. Model skill for high and moderate shear events was 
low, but every event missed by the model except one followed the pattern of increasing 
shear without reaching the necessary threshold to be defined as a high or moderate shear 
event. This result indicates the need for bias correction based on shear categories. Finally, 
the true impact of frequent high and moderate shear events on the power output of a wind 
farm needs to be studied. The great difference in wind speed and direction across the 
rotor layer associated with these events indicates that the turbine components would be 





Deppe, A. J., W. A. Gallus, and E. S. Takle, 2013: A WRF ensemble for improved wind 







 First, I would like to thank my co-major professors, Dr. Takle and Dr. Gallus, for 
the opportunity to work with them and pursue this area of research. Their guidance has 
helped me to grow tremendously as a researcher throughout my studies. I would like to 
thank Dr. Arritt for serving on my committee and providing insight throughout my 
studies. I would also like to thank Daryl Herzmann and Dave Flory for their assistance 
with various computer issues. I appreciate the help of John Lawson, Taleena Sines, Dan 
Rajewski and other graduate students for their help with programming and modeling 
issues. Finally, I thank my parents and my husband for their encouragement over the past 
two years. Without their support this would not have been possible. 
 
 
 
 
 
 
